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Abstract 
The propulsion system consisted of the AC - AC Converter and permanent magnet synchronous motor used more 
often in the current ship electric propulsion. The firstly solving problem is the PMSM starting. In this paper, based on 
briefly describing the ship electric propulsion system, analyzed the characteristics of the PMSM starting, the system 
used open-loop frequency starting mode. The analysis shows that the way in ship propulsion PMSM starting running 
condition, is simple, reliable, good starting performance. The starting mode can also be used as the starting method of 
a large PMSM for other purposes. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
The ship Electric propulsion is a propulsion way that propulsion motor directly drives the propellers.
The propulsion device generally is consisted of propellers, motors, generators, prime mover and the 
control conditioning and other components. Electric propulsion has low noise, good mobility, flexibility 
shipping space and other advantages. 
Using electric propulsion can avoid the prime mover's wide range speed regulation, and improve its 
efficiency. But, on the other hand, in the machine - electric - machine conversion process, it also increases 
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energy consumption [1]. Therefore, the propulsion motors must have high efficiency, and can meet the ship 
promoting conditions. With the development of the power electronics technology and magnetic materials, 
in the ship electric propulsion system, the permanent magnet synchronous motor was usually used. 
Compared with the conventional motor, it has high power density, high torque density, high efficiency, 
high power factor and so on. The propulsion system consisted by the permanent magnet synchronous 
motor, is low noise, high efficiency, maintenance and performance better. 
Because the ship propulsion is large power and low speed, currently CYCLO propulsion systems is 
most widely used [2]. The system is consists of AC- AC converter +AC synchronous motor. According to 
the control requirements, the converter selects the different Phase intervals of AC power, and provides 
alternating current to the synchronous motor. Its upper limit of the speed regulation is generally not more 
than 40% of the base frequency. 
The first condition of PMSM running is starting. According to the principle of synchronous motor 
shows that: only in the synchronous condition, the average electromagnetic torque can consist. The 
starting process is that the motor’s rotor speed increases from zero. It is non-synchronous operation state. 
The average electromagnetic torque is zero, which can not make the rotor accelerating. So the 
synchronous motor is not self-starting. On literature [3], a variety of medium and large synchronous motor 
starting modes have been conducted recapitulative discussion. For large synchronous motor, the modern 
inverter technology is used in the static frequency converter starting. Either efficiency or control 
performance are relatively good. In this paper, based on the actual working conditions of the large ship 
propulsion, the open loop variable frequency start method was used.
2. the Theoretical Analysis of PMSM Starting Characteristics  
When the Electrically excited synchronous motor started asynchronously, in order to successfully start 
and ensure safety, the field-winding must string the current limiting resistor closed. When it will reach 
synchronized, and then excitation is begun. However, in the permanent magnet synchronous motor, the 
excitation can not be adjusted. No matter what running condition of the motor, a certain excitation is 
always provided. Therefore, during the permanent magnet synchronous motor’s starting process, its 
physical phenomena is much more complex than the asynchronous motor or electrically excited 
synchronous motor. 
In the PMSM starting process, when the stator winding is applied the three phase AC current at 
frequency f1. This current establish the air-gap magnetic field that it rotates at the synchronize speed n1. In 
the rotor conductors, the air-gap magnetic field induces AC current at frequency f2 = sf1. The AC current 
produces asynchronous electromagnetic torque, which it is same with the general asynchronous motor. It 
is known as asynchronous torque. 
The permanent magnet magnetic field and the rotating magnetic field produced by stator current is 
asynchronous operation. Having relative motion between the two can not form synchronized torque. 
However, considering the superposition principle, the permanent magnetic field and the rotor windings 
can form a synchronous generator. In the Stator winding, besides the current of fundamental frequency f1,
the induced current that its frequency is (1-s) f1 appears. The stator rotating magnetic field and permanent 
magnet field created by the current can form generator brake torque. The curve 2 is shown in figure 1. 
Because the reactance of quadrature axis and direct axis is not equal, the induced current that its frequency 
is (1-2s) f1 appears. The stator rotating magnetic field and permanent magnet field created by the current 
can generate Reluctance torque. The curve 3 is shown in figure 1. After the above-mentioned three kinds 
of torque were synthesized, the total starting torque of PMSM can be obtained. The curve 4 is shown in 
figure 1.
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Fig.1. Starting characteristics of Permanent Magnet Synchronous Motor 
1 - Asynchronous Torque 2 - Generator Brake Torque 3 – Reluctance Torque 4 - Synthesis Torque 
The above analysis, the electromagnetic torque produced by the fundamental wave rotating magnetic 
field in air gap, was only taken into account. In fact, the air gap magnetic field contains harmonic 
component. For example, the magnetic field generated by the stator winding current contains a series of 
harmonic components. Because of the stator and rotor slotting, the air-gap magnetic field waveform 
produced by permanent magnets appears a serrated square wave, which also contains harmonic 
components [4]. In the starting process, the synthetical electromagnetic torque having the harmonic 
components, makes the T-S curve produce irregular oscillation. Therefore, the PMSM’s actual starting 
process was more complicated. 
3. Starting Strategy for ship electric propulsion PMSM 
3.1. Frequency starting principle 
The electric propulsion PMSM is powered by converter. The starting should be adopted frequency 
starting methods. 
For the synchronous motor, the rotor speed is: 
n=n0=60f1／P                                                                                                          (1) 
In which: n0is the synchronous speed, n is the rotor speed, f1 is the power frequency, P is pole pairs. 
The formula (1) shows that, when the pole-pairs P is unchanged, the rotor speed n is proportional to the 
power’s frequency f1. Therefore, through the converter continuous changing frequency of power supply, 
the motor speed can be smoothly adjusted. But the power frequency changing is bound to cause changes 
in other parameters of the motor. The motor parameters changes would affect its performances. In the ship 
electric propulsion, during the speed adjusting process the same motor overload is wanted to keep. That is, 
maximum torque is maintained unchanged. The maximum torque of synchronous motor is:
Tm=Cu2/f12                                                                                                            (2) 
Where, Tm is the maximum torque, u is stator voltage, f1 is the grid frequency, C is a constant. 
By the formula (2) shows that while the frequency changes, the stator voltage produces correspond 
change, making u/f1 unchanged. That is, the magnetic flux maintain constant, the maximum torque Tm can 
maintain unchanged. Relative to the asynchronous starting, the advantages of synchronization starting are: 
It has more affordability to the torque disturbances. It can make a faster dynamic response [5].
3.2. Open loop frequency starting strategy 
Before starting, if the rotor position can be accurately detected, the starting process is relatively simple. 
Only controlling the stator current accordingly changes with the rotor rotation, which ensure 
electromagnetic torque unchanged. PMSM can normally accelerate and rotate. The rotor’s initial position 
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detection not only adopts optical encoders directly detect, but also adopts a variety of positions detection 
algorithm without the sensor, such as model reference self-adapting, extended Kalman filter, sliding mode 
variable structure and so on. The reasoning process of these algorithms is very complicated, and depends 
on motor parameters. 
Ship electric propulsion system doesn’t need the accurate monitoring to the rotor position and shaft 
output. The load change is not large, and it doesn’t need feedback device. So the "open loop" system can 
be used. In the open-loop state, the motor torque and speed changes with the load and supply voltage. The 
motor is usually achieved by VVVF control. The inverter outputs a sinusoidal voltage to the motor stator 
windings, making it run at a given speed.
The starting strategy is: not detecting the rotor position, adopting the open-loop starting makes the 
rotor to the desired location and then switch to the closed-loop control. There are two methods which can 
make the rotor reach the desired location: ① The converter applied DC voltage to synchronous motor 
armature winding, which can make the rotor magnetic pole point to the stator pole’s the opposite end. ②
Controlling the stator MMF made the rotor position fall on the specified location. In order to facilitate the 
control signal applied, letting the rotor predetermined position d-axis coincided with A axis. It is shown in 
Figure 2. As long as the controlling motor stator’s three-phase currents make the direction of Fr fall on A 
shaft, the above purpose can be achieved.  
Fig. 2. PMSM stator MMF synthesis diagram  
The inverter makes the upper bridge arm of A phase breakover, the lower bridge arm of B and C phase 
breakover. Then FA is along the A axis positive direction, FB, FC are respectively along the B, C-axis 
negative direction. According to Vector Synthesis, the stator magnetomotive force of the three-phase 
synthesis Fr is along the A axis positive direction. This completes the initial positioning of the rotor. 
4. PMSM starting process of ship electric propulsion  
4.1. Starting Method 
The starting process is that through the adjustment of the inverter output frequency, from the "Initial 
starting frequency" starting, according to the certain curve laws increased, and ultimately reach the normal 
frequency. In this process, the voltage proportionally increases with frequency, and U/f1 always maintains 
constant.
In the early starting, starting frequency is very low, and the relative velocity of the permanent magnet 
rotor and the stator producing rotating magnetic field is also very low. Although the motor flux is still 
close to or equal to the rated fluxφN, the starting current will be limited within a certain range. 
4.2. Starting process 
1) Rotor positioning: the converter applies a certain DC voltage to synchronous motor armature 
winding, then this voltage produces some stator current, and the current creates stronger magnetic field on 
the stator. Or controlling the stator MMF, the rotor falls on the specified location. Under the 
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electromagnetic force action between the stator and rotor, the rotor begins rotation, and it makes the rotor 
magnetic pole gradually close to the opposite end of the stator poles. At this point, the rotation direction of 
the rotor may be the same direction with the motor when it is normal running, and may also be the 
opposite direction. 
2) Variable frequency synchronous starting: according to the rotation direction of the motor normal 
operation, the converter slowly rotates the voltage vector applied on the armature winding. With the rotor 
rotation and the stator magnetic field rotation of synchronous motor, the rotor magnetic poles will pass the 
opposite poles of the stator at a time, or the rotor poles accelerates to catch up with the revolving stator 
magnetic poles. At this point, the motor’s rotor pole is reliably attracted by the stronger stator pole, and by 
a little damping shock, the angle between the two gradually become a smaller constant. Thus, the 
synchronous motor goes into the synchronous operation state, and the synchronizing process is complete. 
In accordance with the pre-setting acceleration, the converter gradually accelerated to a given frequency. 
Synchronous motor’s rotor angle is gradually widening to a certain value (determined by the load size), 
and under the stator magnetic field attraction the rotor pole was gradually accelerated to a desired speed. 
The starting process of synchronous motor completes. 
5. Conclusions 
The open-loop frequency starting control system of the permanent magnet synchronous motor in the 
ship electric propulsion starts smoothly, which the starting current (torque) can be gradually increased 
from zero. There is no desynchronizing problem. It almost no impact on the grid, is high reliability, has 
good application prospects, and is worthy of promotion. 
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